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in SI GaAs.
Using GaAs crystals doped with In and grown under different As pressure, we have

obtained the first experimental evidence for a decrease in point defect concentration
induced by isoelectronic doping. These results provided a basis for the heterogeneous
dislocation generation model in which vacancy clusters play the role of generation sites
for a dislocation network including the dislocations induced by thermal stress.

The results of our activity are outlined and they are discussed in detail in five
publications enclosed with this report.
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We have pursued our investigation of defect and electronic interactions

in GaAs along three lines especially important for device processing: (a) ori'.Ar

and control of native midgap levels; (b) feasibility for achieving vanadiur-

doped semi-insulating GaAs; and (c) origin and control of dislocations.

Employing DLTS measurements on p-type bulk GaAs crystals grown under dif-

ferent arsenic pressure, we have identified a dominant hole trap which exhibits

two charge states at 0.54 eV and 0.77 eV above the valence band. These levels

are most likely due to the single and double donor levels of the arsenic

antisite AsGa defect. The same samples are currently analyzed by photolumines-

cence at the Avionics Laboratory of Wright-Patterson Airforce Base in order to

correlate deep level luminescence spectra with transient capacitance spectra.

Our study of vanadium-doped GaAs has led to identification of the vanadium

acceptor state V 2+(3d 3 ) at 0.15 eV below the conduction band. No midgap levels

other than EL2 could be detected, showing that vanadium plays no direct role

in the compensation process in SI GaAs.

Using GaAs crystals doped with In and grown under different As pressure,

we have obtained the first experimental evidence for a decrease in point defect

concentration induced by isoelectronic doping. These results provided a basis for

the heterogeneous dislocation generation model in which vacancy clusters play

the role of generation sites for a dislocation network including the dislocation

induced by thermal stress.

The results of our activity are outlined below and they are discussed in

detail in five publications enclosed with this report.

II. NATIVE DEEP LEVELS

We have identified a dominant hole trap in p-type bulk GaAs employing

deep level transient and photocapacitance spectroscopies. The trap concentratic:.
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16 - 316 -3
ranges from 2 x 10 6cm to 7 x 10 cm and it increases with increasing

arsenic pressure in the growth ampule. The trap has two charge states with

energies 0.54 + 0.02 and 0.77 t 0.02 eV above the top of the valence band (at

77 K) which are clearly visible in the steady state photocapacitance spectrum

of Fig. 1. from the upper level the trap can be photoexcited to a persistent

metastable state just as the dominant midgap level, EL2. Impurity analysis and

the photoionization characteristics rule out association of the trap with

impurities Fe, Cu, or Mn. Taking into consideration theoretical results, it

appears most likely that the two charge states of the trap are the single and

double donor levels of the arsenic antisite AsGa defect. The identification

of a native hole trap in GaAs associated with a double charge donor, provides

the missing experimental link for establishing a working model of the AsGa

defect and understanding its role in the presence and in the characteristics

of the dominant deep levels in GaAs. The study will be pursued in conjunction

with deep level photoluminescenc measurements in order to further explain the

properties of native midgap levels.

III. ROLE OF VANADILM IN ATTAINING SI GaAs

In the present study we identified a vanadium-related electron trap in

melt-grown GaAs by both DLTS and capacitance transient analysis. The samples

studied were cut from LEC GaAs crystals grown in this laboratory using PBN

crucibles from melts doped with high purity elemental vanadium to a level of

19 -3 16 3
3 x 10 cm . In addition, selenium doping of the melt up to about 9 x 10 c -.

was used to insure n-type conducting material.

Typical DLTS spectra in the range 100-420 K for crystals with and without

vanadium are shown in Fig. 2. The dominant midgap level EL2 is clearly visible

16 -3
in both spectra at v390 K having a concentration of about 2 x 10 cm . No

additional midgap levels could be detected. In the V-doped material, however,
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(a) Without Vanadium EL2
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t1 /t2 =5ms/lOms
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Fig. 2. DLTS spectra of n-type LEC-grown GaAs without (a) and with (b)
vanadium doping. Bias -4V; filling pulse amplitude - 5V;
t I1t2 - 5ms/lOms.
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a new well pronounced peak appeared at vlO K, indicating the presence of

a new vanadium-related electron trap. Detailed capacitance transient analysis

yielded a trap energy of 0.15 + 0.01 eV below the conduction band and an

0-14 2
electron capture cross section of about 2 x 10 cm . Optical absorption and

mobility data show that this level corresponds to the ionized acceptor state

V2+ (3d 3 ) of substitutional vanadium. The concentration of this level enabled

us to estimate the effective distribution coefficient of elemental vanadium in

-4
melt-grown GaAs to be about 2 x 10

The proximity of the vanadium acceptor level to the conduction band and

the absence of any vanadium-related midgap levels strongly imply that the

isolated vanadium atoms cannot play any direct role in obtaining SI material.

Further studies to ascertain the potential involvement of vanadium, perhaps

in the form of complexes with other impurities, in producing SI GaAs are in

progress.

IV. UNIFIED MODEL OF HETEROGENEOUS DISLOCATION GENERATION IN GaAs

Employing GaAs crystals grown by the Horizontal Bridgman method under

negligible thermal stress and under precisely controlled (varied) stoichiometry,

we found that doping with In at concentrations exceeding 10 1cm- 3 significantly

decr-ases (by two orders of magnitude) the dislocation density in crystals grown

under off-stoichiometry Ga-rich and As-rich conditions. In p-type crystals In-

doping was also found to reduce the magnitude of Fermi level enhancement of

vacancy condensation into dislocation loops. These results provide the first

experimental evidence for a decrease in point defect concentration induced by

Isoelectronic doping and its profound consequences for dislocation generation.

(Under stoichiometric conditions the dislocation density is very low even in

the absence of any intentional doping.) They led us to the formulation of a

comprehensive model of heterogeneous dislocation generation in GaAs in which

vacancy clusters play the role of generation sites for dislocation network
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including the dislocations induced by thermal stress. Utilizing this model

we were able to explain extensive experimental data for GaAs crystals grown

under intermediate and low thermal gradients:

(1) existence of a distinct minimum of dislocation density vs. the

stoichiometry of the growth melt;

(2) suppression of dislocation density by intermediate level

n-type doping ('lO 17cm - 3)

(3) enhancement of dislocation density by intermediate level p-type

doping (017 cm- 3);

(4) dependence of the critical stress for dislocation generation

on the melt stoichiometry;

(5) highly diversified experimental reports on correlation,

anticorrelation, or lack of correlation between the dislocation

density and the EL2 concentration.

Our model is currently being tested using a TEF1 study of dislocation

loops vs. melt stoichiometry in melt-grown GaAs.
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NONSTOICHIOMETRIC DEFECTS IN GaAs AND THE EL2 BANDWAGON

Jacek Lagowski and Harry C. Gatos

Massachusetts Institute of Technology
Cambridge, Massachusetts 02139

Abstract

Native defects, whose formation is enhanced by deviations from melt stoi-
chiometry, can be either detrimental or beneficial to GaAs IC technology.

Detrimental effects originate in the high dislocation densities present in
crystals grown under nonstoichiometric conditions. Beneficial effects are
encountered in the compensation mechanism in undoped semi-insulating (SI) GaAs

grown from As-rich melts. Among the defects that might be involved in such a
mechanism the deep native donor EL2 has started a "bandwagon". Optical and

paramagnetic properties of EL2 have been found compatible with an isolated
antisite defect As . However, such an assignment turned out to be inconsis-
tent with current Rfgh resolution studies. This outcome is not surprising if

one considers that properties attributed to EL2 originate from additional

deep levels (EL2 family!) with very similar energy positions.

In this paper we seek the clarification of native defects by pursuing
relationships between EL2, dislocations, and melt stoichiometry in a framework

of defect equilibria which define the defect concentrations in the solidifying
crystal. Post-solidification processes (i.e., migration of defects and their
condensation into dislocations and dislocation climb) are distinguished from

solidification proper because of their unique dependence ot the Fermi energy,
i.e., on the charge state of the defects.

I. Introduction

The importance of melt stoichlometry in the growth of GaAs crystals has
been recognized since the early 60's, primarily in conjunction with preven-

tive measures undertaken to minimize the loss of arsenic. The 3203 liquid

encapsulation technique (Czochralski method) and the control of the As pressure
by the arsenic source temperature (Bridgman method) were developed and remain

the practical solutions to the arsenic volatility. The early studies of stoi-
chiometry effects on the properties of GaAs were sporadic and limited in
scope (1-3). The situation changed dramstically In 1981-82 when the research
groups of Rockwell International (4.5) and Westinghouse R&D Laboratories (6)
demonstrated the materials engineering aspects of stoichiometry and had an
imdiate Impact on GaAs IC technology. They have found that high purity GaAs

crystals with very high resistivity and withstanding device processing at

elevated temperatures can be reproducibly grown provided that the melt Is
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slightly enriched with arsenic.

In parallel, also in 1981-82, the MIT group demonstrated the crucial
role of melt stoichiometry in minimizing the dislocation density (7). Fur-
thermore, in the light of the effect of melt stoichiometry and donor Impuri-
ties on the EL concentration they proposed the first antisite defect model of
creation of the midgap level EL2 (8). Since then the interest in nomstoichio-
metric defects, and especially in EL2 and dislocations has been rapidly grow-
ing and has been fueled by device yield aspects on the one hand, and by the
unique fundamental properties which had a rejuvenating effect on the stagnant
semiconductor physics on the other.

Several dozen papers are published on EL2 and dislocations every year.
Still, a critical review of the present state of knowledge is a complex task.
The questions seen to outnumber the answers, and the research of today rapidly
questions the "unambiguous" findings of yesterday. During the Lund Conference
in Hungary in 1983, convincing arguments were presented for the EL2 identift-
cation as an isolated antisice defect AsGa, which were based on new data on
optical intracenter transitions and the splitting of the no-phonon line in
uniaxial stresses (9). An EPR study on plastically deformed GaAs had also
favored the same conclusions (10). However, hiRh resolution measurements of
the no-phonon line (11) and of the EPR line (12, 47) obtained only recently,
show that both lines involve more than one defectl

It has been a prevailing trend to attribute the very high dislocation
densities in GaAs to its poor mechanical strength and to excessive thermal
stresses (13,14). Any significant effects of stoichiometry on the dislocation
density (1,7,15) were clearly beyond the scope of such treatments. Only re-

.4. cently a striking relationship has been discovered between the dislocation den-
sity and the Fermi energy in melt-grown GaAs (6). This finding pointed
directly to the Importance of post-solidification interactions mong charged
point defects and helped to define the regimes of thermal stress, nonstoi-
chiometry, isoelectronic doping and standard impurity hardening, all of which
are of fundamental importance for controlling dislocations in GaAs.

The present paper is not a review of defects in GaAs. Instead, we at-
tempt to formulate a comon framework for a discussion of nonstoichiometric
defects, especially EL2 and dislocations. Accordingly, we will outline the
most important settled and unsettled issues. Our choice will be guided not
only by fundamental interests, but also by urgent needs in advancing IC tech-
nology.

II. Stolchiometry-Controlled Compensation

It is now generally recognized that control of the melt stoichiometry
is the key to the reproducible growth of "undoped" high quality semi-insulating
GaAs. Results of the Rockwell and Westinghouse research groups (after refs.
S and7 6, respectively) presented in Fig. 1 show that high resistivity
(p>10-Qcm) GaAs can be grown only in a narrow arsenic atom fraction range
0.47c[AsIO0.52. Most of this range yields low Hall effect mobility values
(see Fig. 2) which correspond to a mixed conductivity or to p2type conduc-
tivity. High quality crystals with high mobilities, '5000 cm /Vs, are ob-
taimable from melts slightly enriched with arsenic [As>0.505. Such crystals
are certainly favored for IC processing since their wafers preserve their
seml-insulating character upon thermal annealing used to activate electrical
conductivity in regions subjected to ion Implantation (6). The significantly
enhanced thermal stability of "undoped" GaAs as compared to heavily Cr-doped
GaAs constitutes a major advantage which has made an immediate Impact on IC
technology.
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Fig. 1. Resistivity of undoped GaAs Fig. 2. Hall mobility data for LEC-
grown by the LEC method vs. the ar- grown GaAs which demonstrate p to
senic atom fraction in melt. n transition induced by enrichment
N - results of Westinghouse group; of the melt with arsenic.
o - results of Rockwell group. 0 - results of Westinghouse group;

o - results of Rockwell group.

The very high resistivity of "undoped" melt-grown GaAs is attributable
Co the balance between the net concentration of shallow acceptors and that of
deep donors (17,18). This balance is upset when the arsenic fraction in the
growth melt falls below a certain critical value. It is thus evident that
point defects controlled by the arsenic activity at and near the melting point
play an important role in achieving S1-GaAs (5). It Is of interest to note
that among the simple native atomic disorders only the antistructure can ac-

count for p-type or n-type conductivity change upon transition from Ga-rich
to As-rich melt conditions (19). As shown in Table 1, Schottky disorder would

Table 1. Expected Role of Melt Stoichiometry in Electrical
Conductivity for the Basic Atomic Disorders

Ga-rich Hlt As-rich Melt
Atomic Dominant Conductivity Dominant Conductivity

Disorder Defect Type Defect lype

Schottky VAs n VGa

FrenkelB Gai P V Gap

Frenkel1  VAs n ASn

Anti-

structure GaAs p AsGa n

A, - Disorder on gallium and arsenic sublattices, respectively.

lead to an opposite behavior, while Frenkel disorder on an arsenic sublat-
tie would yield n-type conductivity on the Ga-rich side. The, gallium anti-
site, Ca defect, responsible for p-type conductivity in Ga-rich growth, Is
indeed betieved to be the native acceptor which, in addition to residual car-
bon impurities, plays a key role in the compensation mechanism of SI-GaAs (20).

The midgap donor involved in the compensation of shallow acceptors was
comonly identified with EL2 (17). This identification was based on the
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presumption that a particular optical bleaching characteristic of SI-GaAS is
the "fingerprint" of EL2 (21). According to the present state of knowledge,
such identification is by no means a unique one. Midgap levels other than EL2

(e.g., the oxygen-related ELO level) have been observed in GaAs with energies
and optical quenching characteristics very similar to those of EL2 (22-24).

A detailed assessment of the role of individual midgsp levels in the
compensation mechanism is one of the most important unsettled issues. This
issue (discussed also in the following sections) bears directly on the origin
of electrical, optical and structural inhomogeneities in SI-Gaks and upon the
relationships (real and apparent, see next section) between spacial distribu-
tions of EL2 and the dislocation density in GaAs crystals. Macro- and micro-
scopic inhomogeneities originating from welt stoichlometry variations during
solidification and/or from defects induced by excessive thermal stresses
during cooling of the crystals (25) constitute currently the most difficult
materials problems in GaAs IC technology (26). High temperature annealing of
the entire GaAs bulk (about 6 hours at 750-800C) seems to provide a means
for homogenization of SI-Gahs (27,28). However, the mechanisms involved in
this empirical procedure have not been fully assessed as yet.

III. Defect Equilibria-Dislocations and EL2

Type and concentrations of native defects and their relationships with
crystal growth are determined by the following major factors:

(a) elevated temperature necessary for the crystal growth promotes
displacement of atoms creating a native atomic disorder;

(b) GaAs exhibits a finite existence region in which the solid
contains different concentrations of gallium and arsenic atoms (it
is not stoichiosetric);

(c) during cooling the crystal becomes supersaturated with defects
which migrate, recombine, interact, form complexes, coalesce into
dislocations, and participate in dislocation climb;

(d) excessive thermal stresses present in the growing crystal
generate dislocations and point defects.

The above factors and the corresponding temperature ranges are shown
schematically in Fig. 3 during Czochralski growth. Factors (a) and (b)

"Le Fig. 3. Defect evolution
SCam" during LEC growth of GaAs.

Nn mm$
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provide a starting point in the description of defect equilibria in melt-
grown GaAs; the effects of melt stoichiometry and arsenic pressure are con-
tained in factor (b). Theoretical data on GaAs solidus shown In Fig. 4 vere
calculated for simple atomic disorders, namely: Schottky disorder (29);

1600
1600- L d -on

1500- "--

1400 1400-

- 100 - -20

~n00 Dsoder-

1000

499o 4S9M 50000 50005 499 995 500 500M 5010

Arsenic Atom Frocho W Ase, Atom FroChon %)

Fig. 4. Theoretical data on GaAs solidus (after ref. 29-31);
(see text).

Frenkel disorder (30), and for a combination of antistructure and vacancies
(31). The extent of the existence region (defined as the vidth of the soli-
dua) is drimatically different for each calculation. In our opinion, tvo
orders of magnitude differences in Fig. 4 reflect inaccuracies In theoretical
calculations rather than differences in models of atomic disorder. Theoreti-
cal and experimental data on GaAs nonstoichiometry, 6, are presented in
Fig. 5 as a function of arsenic fraction in the melt after ref. 30 and ref. 3,
respectively. £UqW NiM ee m olt

~~~~~1~~I~*--~0495 0500 0505 0~i

ao fth

l I~l /8text.

I5

Arbt Ffsth itl. kW %A
Fig. 5. Theoretical (iig6-ref. 30)

and experimental (points-ref.3) 3)
results on Ga&s nonstoichio etrv. 62

A'ufltc Soiuce Teme~tu,T ,('C)
Absolute values of 6 contain a very
large margin of uncertainty; they are,
however, probably fairly accurate in
assigning the optimum stoichiometry conditions to a slightly arsenic-rich
melt composition.
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Results of the HIT group (32,16) for horizontal Bridgman (HB) growth
of GaAs wich the melt stoichiometry varied by changing the temperature of
the arsenic source, T. have shown that the dislocation density respond& to
the changes in melt composition in a way which is very similar to the behavior
of the nonstoichiometry, 6. As shown in Fig. 6, a pronounced minima of the
dislocation density is obtained in crystals growrn under optimum conditions
defined by TAsx6l?7O.5C and/or by the corresponding arsenic atom fraction in
the melt slightly exceeding 0.50. It is also seen in Fig. 6 that the E.2 con-
centration increases monotonically with increasing arsenic fraction in the
melt (8). This dependence is consistent with the assignment of EL2 to the
arsenic antisite AsG.

Defect interactions during post-solidification cooling, factor (C),
were not considered in defect equilibria models discussed above. These pro-
cesses, however are of paramount importance regarding the final defect state
in as-grown GaAs crystals (33). Post-solidification processes can be identi-
fied and distinguished from processes concurrent with solidification due to
their dependence on the Fermi energy. At the melting point temperature
(123fC) the intrinsic caurier concentration, ni, in GaAs Is as high as
3xl0 1 cm- 3 , and the Fermi enl5 gy Sannot be changed by intentional doping at
a moderate level of about 10 cm . However, at lower temperatures experi-
enced by the crystal during cooling nj decreases significantly and it becomes
possible to vary the Fermi energy by moderate doping and thus change the
charge state of the defects and their tendency to coalesce and migrate. The
experimental dependence of the EL2 concentration and of the dislocation den-
sity on free carrier concentration (measured at 300 K) in HB GaAs crystals
(grown under optimum TA.) is shown in Fig. 7, together with the corresponding

Fig. 7. See text.

Fermi energy change at an elevated
J temperature of 1100 K, which is be-

S', 2 twlieved to be a critical temperature
", °i for defect interactions (8,16). It

09, .G is seen that for a shift of the Fermi
. energy from 0.1 eV above to 0.2 eV

i o 0,siocs , below its intrinsic value, the dislo-
L2 cation density increases by as much as

, , five orders of magnitude. n-ppe
b g doping at a level of bout 10 cm- 3

,- ~ (i.e., more than one order of magni-;'-' " " tude below the doping levels utilized

to- I$, in standard impurity hardening pheno-
CARP CONCENTRATION (c m 3) mena (15) leads to a remarkable de-crease of the EL2 concentration, very

similar to the suppression of the dislocation density. It is conceivable that
both effects originate from the migration of %'Go to a neighboring
arsenic site, ASAs, which creates the arsenic antisite AsGa and arseoic
vacancy VA.:

V kAs As + % + e (1)Ga A S Ga As

This reaction proceeding from left to righl is rapidly suppressed by the in-
crease of free electron concentration (an-). The annihilation of £1.2

7,-



(explained in terms of reaction 1) provided the very first argument for the
association of EL2 (directly or in the form of a complex) with the arsenic
antisite defect. The corresponding reduction of the dislocation density was
explained in terms of the rapid reduction of arsenic vacancies required for
dislocation climb (34) and the concurrent increase of charged gallium vacan-
cies which cannot condense (16). The monotonic increase of the EL2 concen-
tration under As-rich melt growth (Fig. 6) is attributed to the Increased
concentration of [VGa]. The explanation of the dislocation minimnm at op-
timum stoichiometric conditions is more complex, and it involves defect con-
densation into dislocation loops as well as subsequent dislocation climb.

Excessive thermal stresses in the solidified crystal represent an ex-

ternal factor which is beyond thermodynamic treatments of defect equilibria.
Such stresses can by themselves generate dislocations (13) and antisite de-
fects (10). However, the effects of thermal stresses can be enhanced by
poin defects which are required to maintain dislocation climb and/or form
generation sites for dislocations (heterogeneous process) (35). On the other
hand, optimum stoichiometric conditions and low defect concentrations increase

the critical stress required to generate dislocations (homogeneous process)

and effectively prevent dislocation climb.

IV. Current Issues Pertaining to the Identification of EL2

The questionsas to whether or not and how EL2 is related to the antisite

defect, AsGa, have generated a great deal of interest. The argumentation
based on EPR studies is presented in these proceedings in a separate paper

(12). Accordingly, we will discuss the optical absorption studies (9) which
were originally treated as a unique evidence for the identification of EL2

with a neutral state of an isolated antisite center. The optical absorption
attributed to EL2 contains a band of intracenter transitions with a no-phonon
line and transverse acoustic phonon replicas (Fig. $). This no-phonon line

has been found to split under uni-
axial stress depending on the direc-
tion of the stress, a, and the light

00 propagation, S, and polarization.

T - 4.2K Representative experimental data
ore shown in Fig. 9, together with

0.6 predictions based on the static

No Phorn crystal field theory. This theory
L [ permits no other interpretation of

the observed splitting than: A -T
transitions. The lack of measuragle
magnetic field effects on the no-
phonon line was taken to imply that

02 Ithe transitions take place between
104 106 l08 110 ground ad excited states which are

Phoo Energy V) spin singlets. Therefore, these

States were identified as IA1 and
T 2 , respectively. This result was

Fig. 8. Fine structure of the midgap an xcellent agreement with the

level intracenter absorption. Ref. 9. theoretical prediction if the arsenic

1 ontisite levels, i.e., A1 ground
state in the energy gap, and excited T2 state resonant with the conduction

band (36.37).

The above interpretation of the no-phonon line and its association with

an isolated antisite defect is most likely correct. However, the conclusion

that the EL2 is the isolated antisite is not necessarily valid. In Fig. 10
we present the intensity of the no-phonon line in crystals with different EL2

concentration (11). The lack of a unique relationship between the no-phonon
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Fig. 10. Intensity of the no-phonon line vs. EL2 concentration. Highest
intensity point corresponds to oxygen-doped GaAs which contains the two
midgap levels EL2 and ELO. EL2 concentrations were determined by DLTS.
Ref. 11.
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line and EL2 is apparent. The high resolution measurements (11) performed
on crystals with the strongest no-phonon line revealed a surprising line shape
shown in Fig. 11. It Is evident that the line shape can be better described

by two syimnetrical lines separated by

about 1.5 meV rather than by a slngle
asymmetrical no-phonon line, as pre-
viously assumed. The higher inten-

.E sity line is probably due to the anti-
2K site defect ASGa. The origin of the

second line is not known. It also
Iremains to be determined which of the

Ycomponent lines (if any) Is uniquely
related to EL2. It is of importanceT to note that in current high resolu-
tion EPR data the "line shape problem"

S ,, 5was also encountered: the line pre-

/I viously assigned to the paramagnetic

state of a singly ionized isolated
arsenic antisite, was shown tp involve

OT additional lines (12).

5T The line-shape problems revealed

036 1038 1040 1042 by optical absorption and EPR studies

Photon Energy (eV) must have a great deal in comon with

other recent surprising findings.
Fig. 11. Results of high resolution Thus, it has been established with a
measurements of the no-phonon line high degree of confidence that EL2 is
in a magnetic field of 5T and with- not the only midgap level in melt-grown
out magnetic field (OT). Ref. 11. GaAs (22-24,38). Other midgap levels

are often present In LEC and in HB-
GaAs at concentrations which depend on the exact growth condition. An "£L2
family"--i.e., a set of levels with activation energies very similar to
those of EL2 but with different values of electron capture cross sections,
was observed in LEC GaAs (22,23). All of these levels exhibited photocapi-
citance quenching effect, which was treated in the past as the "fingerprint"
of EL2 (21,39). A study of HB-GaAs doped with oxygen (24) revealed the
presence of an oxygen-related level, ELO, with emission characteristics

shown in Fig. 12. A strong no-phonon line with a shape similar to that of
the line shown in Fig. 11 was also present in oxygen-doped crystals. An
electron capture cross section of ELO about four times larger than that of
EL2 (40) was found to be the only pronounced difference between the two
levels. This difference is very important, however, because the relative
£LO contribution to the overall DLTS peak (or to capacitance transient) can
be enhanced significantly by employing short duration filling pulses.
V. Dislocations--Current Issues

In Fig. 13 we have sumarized the reeimes of fundamental importance in
the formation of dislocations in melt-grown GaAs. Two mechanisms of dislo-
cation formation are distinguished: (1) stress-induced glide dislocations
which are generated by excessive thermal stresses; and (2)nonstoichiometrv-
induced dislocations which are generated by the condensation of excess vacan-
cies into dislocation loops. It should be emphasized that stress-induced
dislocations are not independent of stoichlometry. They are in fact con-
trolled to a large extent by defects participating in the climb process and
or by defects condensing into dislocation nucleation sites.

There are several means for obtaining dislocation-free GaAs employing
precise stoichiometry control and/or doping with certain impurities. Iso-
electronic doping with elements from group III or V has only recently
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Fig. 13. Schematic diagram of the effects of impurities on the
dislocation density in GaAs.

received a great deal of attention as an effective means for growuing disloca-
tion-free semi-insulating GaAs without altering appreciably the electronic
properties (15,42,4.3). Indium if the most common dopant, although a reduc-
tion of the dislocation density has been observed for all isoelectronic
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dopants which have been tried so far, i.e., B, N. Sb and Al. The similarity

of the effects of all these elements suggests that the isoelectronic doping
effect may be different than the standard impurity hardening whereby blocking
the propagation of dislocations is the result of strong localized bonding
(44) differences in tetrahedral radii between the impurity and the host
atoms (45) and impurity-defect complexes (46). It seems to us more probable
that the role of isoelectronic dopants is associated with the reduction of
native defects below a certain critical value required to maintain an effec-

tive dislocation climb. Why the addition of group III or V elements would
reduce the defect concentration in GaAs is not clear at all.

V1. Conclusions

Nonstoichiometric defects play a critical role in the electronic proper-
ties of GaAs and its electronic applications; very significant progress has

been recently made in learning how to adjust melt stoichiometry in order to
maximize its beneficial effects and minimize its detrimental ones; further-
more, control of dislocation densities has been enhanced, and homogenization

of GaAs crystals by heat treatment of the entire bulk is now promising. These

are very impressive empirical achievements; however, they clearly lack the
underpinnings of a fundamental understanding. This situation does not stem
from lack of interest in the fundamentals, but rather from the increased
complexity of the issues involved.
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EL2 AND RELATED DEFECTS IN GaAs--CHALLENGES AND PITFALLS

H. C. GATOS AND J. LAGOWSKI
Massachusetts Institute of Technology, Cambridge, MA 02139

ABSTRACT

The incorporation process of nonequilibrium vacancies in melt-grown
GaAs is strongly complicated by deviations from stoichiometrY. and the
presence of two sublattices. Many of the microdetects originating in these
vacancies and their interactions introduce energy levels (shallow and deep)
within the energy gap. The direct identification of the chemical or struc-*
tural signature of these defects and its direct correlation to their elec-
tronic behavior is not generally possible. We must, therefore, rely on in-
direct methods and phenomenological models and be confronted with the associ-

ated pitfalls. EL2, a microdefect introducing a deep donor level, has been
in the limelight in recent years because it is believed to be responsible
for the semi-insulating behavior of undoped GaAs. Although much progress has

been made towards understanding its origin and nature, some relevant questions
remain unanswered. We will attempt to assess the present status of under-
standing of EL2 in the light of the most recent results.

I. INTRODUCTION

The microdefect which introduces a midaap level, referred to as EL2, in
melt-grown GaAs has a most profound potential importance in solid state elec-
tronics and optoelectronics, because it is generally considered responsible
for the semi-insulating (SI) behavior of undoped GaAs [1,2]. Such material
is an ideally suited basis for GaAs IC's. In the last five years no other
aspect of semiconductor materials has received greater attention, on an inter-
national basis, than EL2 as it relates directly or indirectly to SI GaAs.

Actually, in the light of its high electron mobility the prospect of
GaAs IC's fabricated on bulk SI GaAs has been the major contributor to the
transformation of the strictly epitaxial GaAs device technology to a tech-
nology where bulk crystals became a fundamental factor. This transformation,
however, must overcome immense complexities associated with the growth and
characterization of GaAs crystals, i.e., a very high melting point (1238°C),
two sublattices with numerous combinations of point defects, and a highly
volatile constituent rendering readily possible significant deviations from
stoichiometry which broaden the complexity of the point defect framework.
Considering the fact that an average of five publications a year on the growth
of GaAs from the melt was recorded through the 70's, (Chemical Abstracts) we
must consider the progress made on bulk GaAs growth in the last five years
as remarkable.

Similarly, considering the multitude and complexity of point defects and
their interactions, very impressive progress has been made in the understanding
of the nature and properties of some of the point defects, and particularly
those of EL2, although a number of relevant questions remain unanswered [1,2).
Only two to three years ago the controversy on the nature and origin of EL2
and also on the pertinent properites or approaches and techniques best suited
for its study was very acute. This type of situation generally reflects a
stage of low level of knowledge which is usually characterized by unfounded
strong convictions and followings. We believe that we are past that stage
today. There is certainly no general agreement regarding all aspects of EL2.
However, the various proponents and practitioners of particular approaches

and techniques have begun to relate to each other's views and approaches. We
believe that from such a mature stage of development, we can only go forward
to rapid progress.
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II. GENERAL REMARKS

A key issue is often underemphasized, underestimated, overlooked or
even unappreciated: The electronic characteristics of semiconductors (such
as the carrier concentration, carrier mobility, excess carrier lifetime
and carrier diffusion length) and particularly those of semiconductor com-
pounds, can be striking modulated (by up to orders of magnitude) by rela-
tively small variations in materials properties such as impurity contamina-
tion (intentional or inadvertent) deviations from stoichiometry, defect
structure, and homogeneity. In turn, these materials properties are ex-
tremely sensitive to crystal growth parameters such as rates of growth,
thermal gradients in the growth system, convective flow of the melt, and
chemical reactions with the growth environment.

It is, thus, apparent that the results of the investigation of a speci-
fic electronic characteristic, e.g., EL2, in less than extensively charac-
terized GaAs, could be entirely meaningless or at best nonrepresentative of
the semiconductor GaAs. Actually, entirely different results are obtained
from the seed-end to the tail-end of the same crystal.

It is now known that the concentration and distribution of EL2 depend
on the method of growth, on the type and concentration of impurities, on
the deviations from stoichiometry, on the thermal history of the crystal,
and others (see Table 1). Still in question is the relationship of EL2 to
dislocations, to strain and other factors. In commercial Czochralski (CZ)
LEC GaAs other midgap levels besides EL2 have been reported [3]. In hori-
zontal Bridgman (HB)-grown crystals usually only EL2 is found unless the
crystals are heavily doped with oxygen [4]. In small diameter laboratory-
grown CZ LEC crystal along with the main level EL2, occasionally, very small
concentrations of other midgap levels are found. EL2 is the only midgap
level in GaAs epitaxial layers grown by OVPE (5].

The majority of the investigations on microdefects in GaAs have been
carried out on commercial crystals for which little information on their
thermal and other growth parameters is usually available. It is, thus, in-
deed very surprising that the existing controversy and confusion on a single
electronic characteristic, such as EL2, is not of a much greater magnitude
than it is, even if the measurements of all the various techniques were
obtained under optimum experimental conditions.

In the present communication we will review the present status of some
critical aspects of EL2 in the context of the most recent experimental and
theoretical results. We will not attempt to elaborate on the details of
experimental techniques and of specific results; we hope, however, to show
the importance of interrelating the results of more than one experimental
technique, the significance of the thermal history, and characterization of
the material used, and the pitfalls, inherent in approaches and techniques
that can readily contribute to misleading results.

III. THE ROLE OF THE CRYSTAL GROWTH PROCESS

It is now well established that the reproducible growth of high quality
SI GaAs requires stringent control of the crystal growth parameters and es-
pecially of the melt stoichiometry and of the thermal gradients in the solidi-
fying ingot. The major role of melt composition was demonstrated in 1981-
d2 when the research groups of Rockwell International (6,7] and Westinghouse
R&D Laboratories (8] found that growth from melts slightly rich in arsenic
yield SI GaAs crystals which have high electron mobilities, and are highly
stable with respect to thermal annealing used in IC processing. These
results had an immediate impact on GaAs IC technology. The beneficial
effect of arsenic-rich growth conditions was clearly linked to an increase
in the concentration of the native defect EL2. For the very first time in
the semiconductor history a fundamental technological advantage was attained
not by the elimination of native defects, but by the increase of their
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Table 1. KIDGAP LEVELS 10 Gak GROWN BY DIFFERENT (THODS

Gaiu- Addi- Major Factor
Grvth Concentr~tion nant tional Upon Post '
athod car _ Level Levels Solidification S oltd -flcatio-

HR 1 to 5 X 1016 EL2 - arsenic slo w cooling
EL? ELOOl) pressu-e above low thermal

the mlt gradients
CZ 0.3 to 2 x 1013 EL2 ELO(2) [As]/([Ga In fast cooling.
LEC EL2 and/or the mit thermal gradi.

others(3) ants

VPE I C.1 to x 10 14  
1L2 [As]/[Ga] low tenPeratu.,

HOVPE ratio in
gas phase

LPE undetectable Go-rich low temperature
conditions

OBE undetectable very low very low
grou temp. temp

(1) heavily 0-dored crystals
(2) small diameter crystals
(3) other idgap levels in large

diameter crystals

concentration.

The understanding of the formation and nature of native defects in GaAs
is intimately related to two stages of crystal growth [2]; (a) solidification
phenomena, which take place at the solid-melt interface (or solid-gas inter-
face in vapor phase growth); and (b) post-solidification phenomena which take
place in the solidified material during subsequent cooling. The evolution of
EL2 during GaAs growth involves both solidification and post-solidification
phenomena. The various midgap levels (Table 1) in GaAs grown by different
methods originate from differences in the characteristics of solidification
and/or post-solidification processes.

Solidi fication-Related Phenomena

Solidification-related effects on native defects are determined by the
following major factors: [2]

(a) elevated temperature necessary for crystal growth; it promotes
atomic disorder which is metastably retained in the crystals.

(b) a finite existence region in which the Ga/As atom ratio in
the solid can be different than one (deviation from stoi-
chiometry).

(C) dynamic effects; i.e., pronounced variations in the micro-
scopic growth rate which lead to the incorporation of defects
at the growth interface.

The finite existence region Is the dominant factor accounting for the
increase of the EL2 concentration during growth from arsenic-rich melts.
The results of the MIT group [9) (see Fig. 1) on horizontal Bridgman (HB)
growth of GaAs with the melt stoichiometry varied by changing the temperature
of the arsenic source. TAs, have shown that the concentration of EL2 increases
with increasing partial As pressure over the melt (i.e., with increasing
arsenic atom fraction in the melt). Similar EL2 behavior was also observed
in LEC-grown GaAs [6-8]. In Fig. 2 we have summarized the literature data
on EL2 as a function of [As]/[Ga] ratio in the gas phase for VPE-and MOVPE-
grown GaAs layers [5,11-13]. Vapor phase growth takes place at about 700C
in contrast to melt growth at 1238

0 C. Thus, the epitaxial layers exhibit EL2
concentration 2 to 3 orders of magnitude lower than HR crystals. Nevertheless,
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Fig. 1. EL2 concentration vs. [As]/[Go]
melt composition for HB-grown Fig. 2. EL2 concentration vs. [Asl/[Ga]
GaAs. flux ratio during MOVPE growth- 0. L, 1,

& I after ref. 5,11,12, & 13, respectively.

an increase of EL2 concentration with increasing [As]/[Ga] ratio is evident
In Fig. 2. Extrapolation of the VPE results of Fig. 2 to Ga-rich growth con-
ditions representative of LPE growth (at a similar temperature range) leads
to very low EL2 concentration consistent with experimental findings. Undetec-
table concentration of EL2 in MBE layers is a direct consequence of the very
low growth temperatures at which the existence region vanishes.

Post-Solidification Processes

Post-solidification processes are related to two major factors [2]:

(a) supersaturation of the crystals with vacancies during cooling
which migrate, recombine, interact, form complexes, coalesce
into dislocations, and participate in dislocation climb.

(b) excessive thermal stresses in the cooling crystal which
generate dislocations and point defects with an inhomogeneous
distribution dictated by the stress fields.

For melt-grown GaAs the post-solidification defect interactions (factor
a) can be identified and distinguished from processes taking place during
solidification because they depend on the Fermi energy. At the melting point
temperature, 12380C, the Fermi level in GaAs is fixed at its intriAic alue
and it cannot be changed by intentional doping at a level below 10°cm- .

However, at lower temperatures experienced by the crystal during cooling, the
intrinsic carrier concentration, ni, decreases significantly, and moderate
doping can be sufficient to vary the Fermi energy and thus change the charge
state of the defects and their tendency to coalesce and migrate. The Fermi
energy control of the EL2 concentration was demonstrated by the MIT group in
1981 19,14]. In 1984 the same group [151 demonstrated the Fermi energy control
of the coalescence of vacancy into dislocation loops. Both sets of results
are summarized in Fig. 3 together with the corresponding Fermi energy change
at a temperature of about 1100 K, which is believed to be a critical tempera-
ture in defect interactions.

,It 15 seen in Fig. 3 that n-type doping at concentration exceeding
8xlOl cm leads to a rapid decrease of the dislocation density and also to
the suppression of the EL2 concentration. This effect, combined with the
sensitivity of EL2 to the melt stoichiometry (Fig. 2) has led to the original
assignment of EL2 to the arsenic antisite defect As The MIT group [9,14]
has proposed that the EL2 originates from the migra[Ton of the gallium vacancy
Vr_ to a neighboring antisite, AsAs, which creates the arsenic antisite
(see Fig. 4):

V- + ASAs +Aa + V++ 4e- (1)

Obviously, this reaction's path from left to right is rapidly suppressed
by the increase of free electron concentration in accord i.th results of
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Fig. 3. The monotonic increase of the EL2 concentration under As-rich melt
growth (Fig. 1) is caused by the increased concentration of the gallium vacan-
cies. As discussed in ref. 15, the Fermi energy-controlled migration of gal-
lium vacancies (reaction 1) can also explain the dislocation density behavior
shown in Fig. 3.

It should be noted that the association of EL2 with the AsR defect was
simultaneously and independently proposed by the group of Shang Si Institute
of Metallurgy [16) in conjunction with EL2 behavior in GaAs VPE and MOVPE
layers.

It should be emphasized that the effects of the Fermi energy control of
defects in epitaxial GaAs can be significantly different from that in the
melt growth crystals. As discussed above, the high melting point temperature
renders ineffective any Fermi energy control of the defect creation during
the solidification process. Fermi energy control is effective in melt-grown
GaAs only at lower temperatures (<ilO0 K). However, in VPE GaAs it can control
the formation of defects as well as their subsequent migration, uuring the
actual crystal formation. This difference between melt and VPE growth is
significant as it permits the explanation of apparent contradictions between
results of various research groups whereby the EL2 concentration is sup-
pressed by n-type doping in melt-grown GaAs [9,17] and whereas it is enhanced
by n-type doping (suppressed by p-type doping [5]) in VPE layers [17). The
defect interaction described by eqn. 1 can be taken as the same final step
leading to the creation of EL2, in VPE growth as well. In VPE growth,
however, n-type (p-type) doping will first of all increase (decrease) the
equilibrium concentration of the acceptor-type gallium vacancies, since it
is a general rule that the addition of donors (acceptors) will increase
(decrease) the solubility of other acceptors (in this case gallium vacancies).
If this effect is a dominant one, it will lead to dopant effects which are
opposite to those observed in the melt-grown GaAs which are associated with
the Fermi energy control of the migration of VGa (eqn. 1) rather than its
initial concentration.

Effects of Thermal Stress

Excessive thermal stresses on the solidifying crystal can generate
dislocations [18,19], antisite defects and other point defects and their
complexes [20]. This additional channel of point depct generation is es-
pecially important during LEC growth of large diameter crystals. It leads
to the generation of EL2 as well as other midgap levels of the EL2 family
which are not observed in H8 GaAs and in small diameter LEC GaAs crystals
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grown by non-commercial groups. The spatial distribution of the stress-inducedmidgap levels follows the crtical thermal stress pattern (21). This pattern,

however, does not necessarily represent the concentration distribution of
Just EL2. Thus, relationships between EL2 and the stress fields involveaniguities discussed later in conjunction with the optical identification 

of

EL2.

IV. IDENTIFICATION AND PROPERTIES

It is a conmon consensus that EL2 is related to the antisite defect
As This assignment has generated great interest in the study of antisite
deacts in GaAs ano has brought to bear the use and correlation of different
techniques in defect characterization. Thus, lines with symmetry consistent
with that of As have been identified in GaAs by Electron Paramagnetic
Resonance (EPR)f2], Electron Nuclear Double Resonance (ENDOR) [23] and
high resolution optical measurements [24,25). DLTS, (26) photocapacitance,
[27,28], near infrared optical absorption [29,30), and photoluminescence [31]
studies have determined energies, capture cross sections, and fundamental
properties of the midgap levels. At the present, however, there is no general
agreement on the EL2 and/or antisite properties determined by various methods
or even by the same methods, in different laboratories [32-37]. Theory of
deep level defects has been intensively applied to calculations of the elec-
tronic levels for AsG ; however, the 0.3 eV spacing between the single and
double donor levels oF this defect seem to be the only undisputed result of
the state-of-the-art calculations [38].

Transient Capacitance

It was believed up until recently that EL2 is the only midgap level
present at appreciable concentrations in melt-grown GaAs. During the last
two years it has been established with a high degree of confidence that other
midgap levels are often present, especially in LEC GaAs (Table 1 and Fig. 5)

Fig. 5. DILTS spectra of midgap levels in GaAs
HB-GoAs grown by HB agd LEC method. Emission rate

(L2 window 25.6s". LEC results from ref. (3).

r at concentrations which depend on the growth
SI, , conditions [3,4, 39,40]. Some of these levels
E exhibit very similar activation enefgiis of the

(TX.! corrected thermal emission rates (T e " ) but
o ,j/ , \ different values of capture cross sections. Such

cases can lead to identification ambiguities by
g LEC-GOAS ETx-I standard DLTS meas u, ments and even by direct

- capacitane transient measurements. Commonly
E /°', encountered .tgrfer ig parameters (e.g., high
ETx- ratios, NT/NDrNA, of the deep level concentration,

NT, and the concentration of ionized impurities
%' %% N (-NA [41,43); inhomogeneities in the semicon-

, . \ ductor and/or rectifying contacts, excessive
20 /  400 leakage current [44]; and effects of high elec-

Te50 e500 u K0 00tric field or recombination transients at low
bias [45,46] can lead to artifacts such as non-
exponential capacitance transients, shifts and

broadening of the DLTS peaks which could either be mistaken as signals of
additional deep levels or lead to erroneous deep level parameters.

In order to minimize the chances of DLTS misinterpretation, we propose
to pursue the identification of slightly different midgap levels simul-
taneously present, by using short duration filling pulses. We have used
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this technique successfully to distinguish between EL2 and the midgap level

ELO present in heavily oxygen-doped HB-GaAs [4,41,42].(ELO is not necessarily
directly related to the oxygen impurity.) Both levels have almost identical
energies, yet ELO exhibits a capture cross section four times larger than
that of EL2. As shown in Fig. 6a, in the "oxygen-free" crystals containing
EL2 only, a decrease of the filling pulse duration leads only to a decrease
in the peak height. In oxygen-doped GaAs shortening the duration of the
filling pulse causes a shift of the DLTS peak to lower temperatures and a
decrease of the peak half-width (Fig. 6b). This behavior is indicative of
the presence of the two levels, EL2 and ELO, Due to its higher value of

electron capture cross section, the relative contribution of ELO to the over-
all DLTS signal is enhanced by short duration filling pulses, whereas that of

EL2 is decreased.
Using the above types of DLTS measurements as well as direct analysis of

capacitance transients, we have studied over 1000 samples from about 80 HB
GaAs crystals and about 30 CZ-LEC crystals grown in our laboratory (all of
a cross section of about I cmA. We found that in all these crystals EL2 is
the dominant level. Even in heavily oxygen-doped crystals the concentration
of the second most important level, ELO, never exceeded that of EL2 £47];
in the majority of the crystals the ELO concentration was about 10" of the
EL2 concentration. We have utilized the results of our studies to revise

the EL2 emission rate characteristics as shown in Fiq. 7, where the revised
emission rate plot of EL2 spans over 7 orders of maqnitude. It is in ex-
cellent aqreement with previous data obtained on MOVPE(ref3)and bulk crystals.

lOe

'Oxygen-frte" (L2 (0) : Fig. 7. Emission
s.2 ,. . rate for deep

l07 ETI ELO electron traps in"TLO, GaAs (see text).

, - M 1

C 3
4 

" 12

Es

(a oOyygen-doped' Wb)ei o n

-J E LO f/1
4 K)OOO/T (K-1)

Fig. 6. OLTS spectra of midgap levels in
(a) oxygen-free & in (b) heavily oxygen-
doped Bridgman-grown GaAs. Spectra 1-4 cor-

300 340 380 420 respond to decreasing filling pulse

Temperature (K) duration.
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The corresoonding expression for the EL2 emission rate is: el(3.53x10
8/T2)

exp(9450/T) in sec-1 ; this expression is slightly different than that assigned
to EL2 and taken so far as the "standard"[26).

In view of a persisting controversy on the assignment of EL2 to ASGa it
is worth mentioning that transient capac'itance measurements in GaAs have thus
far failed to provide any evidence of the doubly charged deep state of EL2
[381. Such a state must exist if EL2 is to be associated with As . It
should be noted, however, that DLTS could not reveal the second Eb2level
whether it is present or not. The proximity of the doubly charged state to
the valence band (this state is expected to be about 0.3 eV below the stan-
dard EL2 level) makes its detection by Schottky barrier OLTS entirely impos-
sible unless this state exhlbits a highly unrealistic capture cross section
ratio On/Op; exceedipg 10',

In view of the above, extreme caution shnuld be exercised in addressing
this technique as powerful and unique. Used as commonly described and dis-
cussed, it can bath generate nonexisting traps and fail to reveal existing
trapping levels.

Optical Absorption

Optical absorption as shown in Fig. 8 is a characteristic feature of n-
type and semi-insulatinq GaAs [29). This structure is related to EL2. It was
at first incorrectly assigned to photoionization transitions from EL2 to the
conduction band minimum at the r. L and X points of the Brillouin zone (Fig.
8a) [28). Correct interpretation of the spectrum includes the EL2 intracen-
ter absorption band which extends from 1.03 to 1.3 eV and is responsible for
the pronounced bulge at 1.2 eV in the overall absorption spectrum [30,43).

GaIAs; SOK

4- /
.~.~"~B

0. 4. I.=.4 31 0809I i~ ~ ~l14t
Photon ~ ~ ~ ~ ~ t enry(V)PSo E ylV
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A EL2n t i e Ptourren s

orheLopica ,eemnto of . Ah L ocnrto rf 9.Anme

S-2-

0.8 1.0 1.2 1A 7 0 0.9 0J 1.1 1.2 1.3 1A L.5
Photon hene t (V) Photoe Ety (eV)

Fig. 8 (a) (b)
EL2-related optical absorption (see text).

The near infrared absorption coefficient calibrated as a function of the
e2 concentration (as determined froi OLTS measurements) was used as a means
for the optical determination of the EL2 concentration (ref. 29). A number
of investigators have questioned the quantitative validity of the original
calibration Extensive optical studies in our laboratory on GaAs crystals
containing also the midgap ELO level have led to a revised calibration of the
absorption coefficient. As discussed in an accompanying paper [43), :' values
were determined from transient capacitance measurements using an accurate pro-
cedure with correction factors derived for arbitrary values of MT/Nn*-N A
and, thus suitable for the determination of larqe trap concentratoC. The
use of standard correction factors (which are derived for NT *-NA last
a siqnificant underestimation Of NT values. Perhaps this could account for
noticeable shift of the prpvlous absorption calibration curve toward lower
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concentrations of deep levels.*(See Fig. 9,)
Optical absorption is probably the most commonly used method for the

determination of the EL2 concentration in semi-insulating GaAs on a macro-
cale, as well as on a microscale by absorption scanning [21,48] or by trans-
mission imaging [49). The method is convenient to use, and represents the
only quantitative means for nondestructive determination of the EL2 concentra-
tion in SI GaAs. The distinct advantages of the technique and its widely
accepted use notwithstanding, there are potential ambiguities that must not
be overlooked, related not only to the use of an incorrect calibration factor,
dot/dN but also to potential contribution of defects, other than EL2 to C.
This Tatter factor is especially important in studies of the spatial distribu-
tion of EL2 in ingots and its correlation with other characteristics such as
dislocations and thermal stress.

It is well known that excessive stress (thermal during postgrowth cooling,
or intentionally applied to cause-a plastic deformation) can change signifi-
cantly the absorption spectrum of GaAs [50]. As shown in Fig. 10, the

' ' ' 'SI-GoAs

T=300K EL2 ordy T
E- / . U4

g2 - Previous/
results / A plastic

= 2 &!e patc ~ :Q./ "-deformaron,,.,

* ~0rtginal
M-"2-O spectrum

0 1 2 3 4 5101 0 0.8 1.0 1.2 1.4

NT (CM3 ) Photon energy (eV)

Fig. 9. Optical absorption at 300 K; Fig. 10. Absorption changes induced
X - 1.06 wm vs. the concentration of in SI GaAs by plastic deformation.
midgap levels.

the absorption in a deformed SI GaAs crystal is greater than in the pre-
deformed crystal [51]. It is seen that the spectrumof the deformed crystal
is not a quantitative displacement of the EL2 spectrum. It is, thus, ap-
parent that the stress-induced increase of absorption is caused by the genera-
tion of defects other than EL2. It is also apparent that correspondence be-
tween absorption changes and stress distribution (or dislocation patterns)
in LEC GaAs can be observed with precise measurements even if the EL2 distri-
bution is uniform in the material. These interferinq aspects are frequently
overlooked, perhaps because of the belief prevailing in the past that EL2 is
the midgap level solely responsible for many key properties of GaAs. In view
of more recent results, this assumption need no longer be accepted. Care-
ful re-examination of many results on optical measurements appears to be now
necessary in order to separate apparent and real relationships between the
EL2 and other characteristics.
*In an earlier study [47] employing simplified correction factors we have
also underestimated the values of NT which were much closer to those of
ref. 29.

q
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High resolution optical studies on EL2 intracenter transitions and on
the corresponding no-phonon line have most recently provided a new insight
into the relationship between EL2 and the neutral state of isolated AsG [4 3J.

Optical Quenching (Bleaching) of EL2

Since 1977 EL2 has been known to exhibit optical quenching [52,27] which
transfers the level into a nmtastable state resulting in quenching of the cor-
responding photocapacitance, and to the bleaching of the characteristic EL2
optical absorption, [28] as shown in Fig. 8a. This optical quenching has not
as yet been adequately explained or understood; yet it has been taken as the
"EL2" fingerprint, [29] i.e., a unique criterion for the identication of EL2.
This interesting concept of "EL2 fingerprinting" was subsequently stretched
far beyond its original ramifications. It became a common practice to treat
quenching similar to that of EL2 as a unique evidence that the center involved
is indeed EL2. At the same time, different quenching characteristics were
considered as proof that the center involved is not EL2. A strong controversy
has developed on this issue among various research groups. A large part of
this controversy stems from pitfalls associated with the overstretched finger-
printing concept. We will illustrate relevant ambiguities with examples of
considerable current interest involving quenching of the deep level photo-
luminescence, shallow level thermally stimulated current (TSC), and optically
detected EPR lines of AsGa.

Quenching of Photoluminescence

Deep level luminescence in SI GaAs and in p-type GaAs exhibits three
rather broad bands (see Fig. 11) peaked at 0.64. 0.68, and about 0.8 eV;
[53,54] all of them have been considered as potentially related to EL2. The
photoluminescence study of ref. [55] has shown that under YAG laser illumina-
tion the low energy band exhibits a photo-induced persistent quenching effect.
The spectral distribution of the quenching efficiency was found to be very
similar to that of the photocapacitance quenching of the EL2 (see Fig. 12).

2 063W GaAs Ircer abswpfion

*T 42Phopo,

L.J OXYGEN .

I-.z DOE

U!U)C-)G -RICH i

O. 1O 12 1.4 1.6"J- •, , iI Ihoton energy eW)
04 06 0.8 10 I 2

PHOTON ENERGY (e)

Fig. 11. Deep level luminescence Fig. 12. See text.
bands in SI GaAs.

This similarity was taken as evidence for the association of the low energy
luminescence band with the EL2 level, despite the oxygen doping experiments,
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implying quite different origin of the band [53.54). The controversy was
settled in a convincing manner by most recent experiments of time-resolved
recombination at midgap levels [56). This study has shown that the quenching
of the 0.64 eV band is related to the EL2 quenching only indirectly, as it
is due to the elimination of the excess carrier generation channel provided
by EL2 absorption. The authors of ref. 56 have also pointed out that in
principle, a decreased absorption related to optical bleachino of EL2 could
resulc, under YAG excitation, in the decrease of the intensity of any deep
phctoluminescence band.

Quenching of Shallow Levels

Tnermally stimulated current (TSC) measurements in SI GaAs [57] have
recentiy led to the discovery of shallow levels which exhibited a metastable

behavior under illumination with 1.18 eV photons (see Fig. 13) similar to
that involved in the optical quenching of EL?. As in the case of EL2, re-
covery of the normal state of the optically quenched TSC peaks 81, B? and C5

was found to require heating to a temperature T ll5 K. The metastable
behavior of the shallow levels was considered as evidence that these levels
must be constituents of the various midgap levels in support of the charge-
state-controlled structural relaxation model of EL2 [58].

As discussed elsewhere in these proceedings, [59] we have refuted these
conclusions by comparing the integrated magnitudes of TSC peaks with the con-
centration of EL2. We have found that the upper concentrati~g li~it for
shallow levels exhibiting metastable behavior was below 2xlO cm- , whi o is
signifi ntlX below typical concentrations of EL2 and ELO in GaAs (5xlO12cm

3

to 4xlO Ocrr '). It thus appears appropriate to take the observed metasta-
bility of the shallow levels as evidence that IR quenching is not restricted
to or uniquely related only to EL2, but in fact, it can be exhibited by othev
levels in GaAs.

Quenching of EPR and ODMR Lines of AsGa

The studies pointed out above on luminescence and of TSC prove that
photoquenching similar to that of EL2 should not be used as a decisive argu-

ment that a given defect is related to EL2. On the other hand, we can make

the reverse argument: different photoquenching behavior than that of EL2 does
not necessarily negate the relation between the defect and EL2.

In 1984 two groups reported on EPR and ODMR studies, which supported
the association of EL2 with isolated As [34,36,60). Two other groups, how-
ever, questioned this association [33,39!37,50]. They observed (a) that the
concentration of As determined from EPR line intensity in plastically de-
formed GaAs is signT#icantly larger than the concentration of EL2 determined
from the absorption bleaching characteristics [50], and (b) that the EL2 ab-

sorption can be bleached completely while the ODENDOR signal of Asa remains
practically unchanged [33,35,37] (see Fig. 14).

Arguments (a) and (b) could be used decisively against the association
of EL2 with As^ if it were not for the fact that the two techniques, i.e.,
optical absorption on the one hand, and EPR or V!*R on the other, probe

different charge states* As introduces two donor-type levels in gallium
arsenide (see Fig.T5) corresponding to different charge states denoted as
o/+ state and +/+.+ state. The EL2 optical absorption spectrum shown in
Fig. 8 corresponds to electron transitions from the neutral AsGa. Optical

bleaching of the absorption andof the intracenter transitions measures the
change in the concentration of neutral antisites. Furthermore, the photo-
bleaching or photo-quenching process studied thus far would correspond to a
metastable transition involving a neutral antisite only. It is very probable

that photo-induced transfer into a metastable state is much less efficient
for the ionized defect than for the neutral [61]. It is, however, this
ionized antisite which contributes to the intensity of EPR and ODMR lines.

Thus, if the neutral and the ionized antisites are simultareously present
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Fig. 13. TSC spectra of SI GaAs; Fig. 14. (a) Intracenter EL2 absorp-
(-) before quenching with 1.18 eV tion and (b) manetic circular
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pond to measurements made before
and after irradiation with 1.18 eV
photons.

in SI GaAs, the neutral ones will be effectively transferred into metastable
states leading to absorption bleaching, while the majority of the charged
antisites would remain in a normal paramagnetically active state.

The above potential explanation of the differences between EPR and
optical absorption remains a hypothesis, unless differences between stable-
metastable transitions are quantitatively determined for neutral and ionized
EL2 states. Preliminary experiments on absorption and photoluminescence
quenching in n- and p-type GaAs seem to indicate that quenching is indeed
by far more efficient when EL2 is occupied [61].

EPILOGUE

The results and conclusions of the most recent studies, (with widely
varying techniques), on deep levels in GaAs, and more specifically, on EL2
begin to converge in many important aspects. This is a clear sign of an
improved understanding of the techniques employed, of the meaning of the
experimental results and of an advanced theoretical framework of the pheno-
mena involved. EL2 is according to most recent accounts related to As
It is no longer the only midgap level; there are certainly others, alth8ugh
of uncertain nature and/or origin. But EL2 remains the most important of
midgap levels since it is primarily responsible for the semi-insulating
behavior of GaAs.

There is, however, controversy still in the air renarding the assign-
ment of ELZ to the isolated As,,. It is, of course, important to address,
what we consider the basis of Re remaining controversy. It is essentially
based on studies and results involving the quenching and the associated
metastable state of ELZ (and or other deep levels). Neither the quenching
nor the metastability-related phenomena are as yet understood sufficiently
well so that the evolution of a clear picture regarding the unambiguous
meaning of quenching and metastability measurements is not as yet possible.
As progress is made towards a better understandinq of these phenomena not
only the existing controversy will be settled, but the phenomena themselves
will become effective factors in pursuinq the study and understandino of
point defects In GaAs and related materials.

%
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EBIC SPECTROSCOPY - A NEW APPROACH TO MICROSCALE CHARACTERIZATION OF
DEEP LEVELS IN SEMI-INSULATING GaAs

C.-J. LI,* Q. SUN, J. LAGOWSKI AND H.C. GATOS

Massachusetts Institute of Technology, Cambridge, MA 02139

ABSTRACT

We propose a new approach to the defect characterization in semi-
insulating (SI) GaAs which combines the high spatial resolution and scanning
capability of the Electron Beam-Induced Current (EBIC) mode of Scanning
Electron Microscopy (SEM) with the advantages of optical and thermal spec-
troscopies employed in the identification of deep levels. In the PHOTO-EBIC
approach a DC electron beam and a chopped subbandgap monochromatic light
impinge on the SI GaAs through a semi-transparent Au electrode. The photo-
induced modulation of the EBIC as a function of the subbandgap energy of in-
cident photons constitutes a structure which corresponds to the photoioniza-

tion of deep levels. In the thermally stimulated EBIC (TS-EBIC) the deep
levels are filled at low temperature by the excess carriers generated by an
electron beam. Subsequently, the changes of EBIC as a function of temperature
constitute a spectrum of peaks which correspond to different deep levels. The
peak position determines the deep level energy while the magnitude of peaks
can be used for the assessment of the relative concentration of deep levels
located within the small volume probed by the electron beam.

INTRODUCTION

Microscale characterization of electronic defects in (SI) GaAs has been
a challenging issue pertinent to materials problems encountered in GaAs IC
technology. The low concentration of free carriers is the main obstacle
which limits the applicability of high resolution electron beam methods such
as EBIC and cathodoluminescence, CL. Up to now the distribution of elec-

tronic defects in SI material has been studied primarily by optical methods
involving near infrared absorption measurements [1-3] (deep levels) or photo-
luminescence measurements (4] (shallow levels). The spatial resolution of
these methods is poor, typically between 0.1 im and ) mm. Optical methods,
however, constitute a means for the identification of electronic defects from
the spectral characteristics of photoionization and radiative recombination
processes.

In this paper we present a new photo-EBIC characterization approach which
combines the spectroscopic advantages of optical methods with the high spatial
resolution and scanning capability of EBIC. We discuss the experimental ar-
rangement for photo-EBIC spectroscopy and for the deep and shallow level
identification from thermally-stimulated EBIC spectra.

EXPERIMENTAL

The scanning electron microscope modified for electronic characterization

studies is shown schematically in Fig. 1. It can operate in the standard SEM
mode, in the EBIC modes (including photo-EBIC and TS-EBIC) and in the cathodo-
luminescence spectroscopy and scanning modes. The apparatus consists of:
(a) an electron gun and electron beam focussing, scanning and blanking systems;
(b) an optical illumination and collection system; and (c) a variable tempera-
ture cold stage, designed to operate at temperatures between 4.2 K and 300 K.

*Permanent address: Institute of Semiconductors, Chinese Academy of Sciences,
Beijing, Peoples Republic of China.
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SCANNING Fig. 1 . Schematic representa-
ELECTRON tion of SEM apparatus adapted

EW M ICROSCOP for CL, photo-EBIC, and
LTS-EBIC spectroscopes.

An additional cold trap was

incorporated in the vicinity
of the sample in order to re-
duce the carbon contamination

of the surface.
An optical microscope In-

I Bic corporated into the SEM pro-
SLW

2 
~""'9 vided a means for the collection

LM, of the light emitted by the

sample irradiated with the
electron beam (cathodolumines-

cence). It was also used for
the illumination of the sample with monochromatic light in the photo-EBIC
measurements.

Commercial SI GaAs grown by the LEC method was employed in this study.
A thin semi-transparent Au electrode was evaporated on the front surface of
the samples (exposed to an electron beam and/or to incident light). A
probing beam (DC) generated an EBIC signal between the Au electrode and the
electric contact to the sample. In photo-EBIC spectroscopy the current changes
induced by a chopped monochromatic light were recorded (using a lock-in ampli-
fier) as a function of the energy of incident photons. High resolution EBIC
and cathodoluminescence microprofiling were achieved by scanning an electron
beam within a s-all sample region (4500 um). Profiling over larger distances
was realized by moving the sample stage while keeping the electron beam
stationary. Spatially resolved TS-EBIC measurements were carried out by
irradiating small selected areas of the sample with a stationary electron beam
focussed to a 1 wm to 5 um diameter spot.

RESULTS AND DISCUSSION

Cathodoluminescence

An initial assessment of the presently employed SI GaAs was performed
using standard cathodoluiminescence measurements. Readily detectable catho-
doluminescence (CL) signals were obtained only at the liquid helium tempera-
ture. High resolution cathodoluminescence imaging revealed a typical cellular
structure consisting of bright and dark regions commonly observed in SI GaAs
[5]. The CL spectrum consists of two lines, i.e., the near bandgap line, B,
at hv - 1.515 eV and the carbon line, C, at hv * 1.495 eV [5.6]. The ratios
0,f the CL peak intensity, C/B, were very similar within the bright and the
dark regions. It is, thus, very likely that the cellular structure of CL
distribution in SI GaAs is not necessarily related to nonuniform carbon
distribution, as recently suggested [5]. This structure probably originates
in the nonuniform distribution of non-radiative recombination centers.
Typical cathodoluminescence line scans of the carbon peak, C, and of the
bandgap peak, B, are shown in Fig. 2a and 2b, respectively. They exhibit
striking similarities consistent with the dominant role of spatial variations
in the nonradiative recombination.
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Fig. 2. CL scans of the carbon line, Fig. 3. Photo-EBIC spectrum of undoped

1.495 eV, and near-bandgap line, SI GaAs which reveals midgap level
1.515 eV in undoped SI GaAs grown by transitions and the contribution from
the LEC method. Measurements were residual Cr impurity.
carried out at 4.4 K.

Photo-EBIC

For SI GaAs the EBIC is undetectably small in the dark. Under illumina-
tion the EBIC current becomes readily measurable. In Fig. 3 a typical sub-
bandgap photo-EBIC spectrum of SI GaAs is shown, taken at 78 K using a 30 kV
electron beam 5 pm in diameter and a beam 5 um in diameter and a beam current
of about 10-7 A.

We suggest the following interpretation of this spectrum:
1. The dominant photo-EBIC increase in the spectral range 1.3 to 1.1 lim

is associated with EL2 photoionization [1,7].
2. The photo-EBIC minimum between 1.1 um and 0.93 um (shaded area in

Fig. 3) is due to ELZ intracenter transitions which in themelves do not
lead to the generation of free carriers [7].

3. The small peak at about 1.37 um is probably associated with a photo-
excitation of residual Cr2+ [8]. The presence of residual Cr impurity in
undoped LEC GaAs may be surprising. However, on several occasions we have
found Cr present (using independent measurements of optical absorption and
DLTS) in commercial GaAs crystals claimed to be "undoped".

The magnitude of the photo-EBIC signal and its spatial variations are
controlled primarily by two factors: (1) the net photolonization rate of
deep levels under optical excitation; and (2) the recombination rate of excess
carriers generated by the electron beam. The spatial resolution (lateral) of
photo-EBIC microprofiling with respect to factor (1) is determined by the size
of the light spot (about 40 um in our experiments). The resolution with res-
pect to factor (2) can be much better, typically between I um and 10 tm,
depending on the electron beam spot size or on the minority carrier diffusion
length (whichever is larger).

Linear scans of photo-EBIC measured at 78 K for A - 1.06 um and A
1.37 um, are shown in Fig. 4a and 4b, respectively. Scan "c" is the cathodo-
luminescence intensity measured at 78 K along the same scanning line.

Very pronounced inhomogeneities are seen in all scans. It is also seen
that the photo-EBIC variations are very similar for both wavelengths of the
incident light. Furthermore, the photo-EBIC profiles are quite similar to
the cathodoluminescence profile. These similarities imply that spatial vari-
ations are very similar for both wavelengths of the incident light.



444

Fig. 4. Photo-EBIC scans and corres-
ponding cathodoluminescence scans of

)- iO6ki% SI GaAs. Measurements carried out at
78 K.

Furthermore, the photo-EBIC profiles

I (a) are quite similar to the cathodolumineS-
cence profile. These similarities

imply that spatial variations of photo-
06 )X131AM, EBIC and cathodoluminescence are of the

. .(b) same origin, i.e., they are caused
predominantly by spatial variations in

03 the concentration of recombination
02. centers.

_ 
__

(c) Thermally Stimulated EBIC

Deep level identificaton in SI
GaAs is often carried out using ther-
mally stimulated current (TSC) spec-

S3 troscopy [9,l0]. This technique can
0 be effectively extended to microscale

Dmstoace (m") measurements by employing electron

beam excitation rather than standard
optical excitation.

At low temperatures (liquid nitrogen or liquid helium temperatures) the
electron beam is focussed on a 1 IJm - 5 $im diameter spot of the SI sample.
The beam generates excess carriers which are confined within an effective
excitation volume defined by the beam energy and the diffusion length of the
excess carriers. Electron (hole) traps (deep levels) located within this
volume become filled by the excess electrons (holes). The sample is subse-
quently heated, and the EBIC is monitored as a function of temperature and
time. In SI GaAs this thermally stimulated EBIC corresponds to the thermal
release of carriers from traps.

Typical EBIC as a function of temperature spectra are shown in Fig. 5.
They exhibit a series of peaks which correspond to different deep levels.
As in the standard TSC spectroscopy, the peak temperature can be used for the
determination of the trap energy position, while the peak magnitude (or more
precisely the current integrated over the time) provides a relative measure
of the trap concentration. The two TS-EBIC spectra shown in Fig. 5, solid
and dotted lines, correspond to electron beam irradiated spots separated by
100 um. All other experimental conditions were kept the same. Thus, the
differences between the spectra reflect differences in trap concentrations at
two neighboring locations. The most significant concentration changes (by as
much as a factor of 2) are observed for the shallow traps B2 , C5, and fo.
Large variations in concentration of trap EL6 are also observed, however, in
an opposite phase than those of the shallow traps; this trap is the second
most important trap in bulk Gaas, and its concentration is often comparable
to EL2 concentration. It should be pointed out that all of the traps seen
in Fig. 5 have been previously identified in GaAs (see refs. 9 and 10).

Levels EL6 and CS exhibited low frequency oscillations of thermally
stimulated current when dc electric fields applied to the sample exceeded
500 V/cm. In Fig. 5 these oscillations appear as a fine structure super-
imposed on the EL6 and C5 peaks. The presence of TSC oscillations is signi-
ficant. It differentiates EL6 and C5 from other traps and implies that they
exhibit a configurational energy barrier or a repulsive potential barrier[12].

The levelsB1, B1 , and C5 have recently been shown to exhibit a metastable
behavior (under illumination with 1.18 eV photons), similar to that involved

!,U
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Fig. 6. Infrared quenching of TS-EBIC
( i *s in $I GaAs. The original (solid line)

IQ z I PJ spectrum was obtained with electron
-Tempenu (K) beam irradiation only. The quenched

(dotted line) spectrum was obtained
Fig. 5. Thermally stimulated EBIC after additional IR illumination (see
spectra of SI GaAs. Solid and dotted text).
line spectra were obtained from two
spots of the sample separated by
100 m. Fine oscillations superimposed
on C5 and EL6 peaks are real (see text).

in the optical excitation of EL2 into a metastable state [11). As in the
case of EL2, the recovery of the normal state of the B1, B2 and C5 levels was
found to require heating to a temperature 115 K.

The metastable behavior of the shallow traps leads to the IR quenching
of the TSC peaks, which can be readily seen in the TS-EBIC spectra of Fig. 6.
The solid line spectrum with pronounced B2, CS, and fo peaks was obtained
using 5 min irradiation with 30 kV electron beam at 4.2 K. After irradiation
the sample was kept for 2 min in the dark prior to increasing the temperature.
The quenched spectrum (dotted line) was obtained when the 5 min electron beam
irradiation was followed by 2 min illumination with an infrared light of
hv c 1.15 eV (white light passing through a Si filter). All other conditions
were exactly the same. The quenched peaks B, C5 , and f could not recover
their original magnitude upon subsequent banigap llumlnton or electron
beam irradiation. Their magnitude, however, could easily be restored by
heating of the sample.

The metastable behavior of the shallow levels has been considered In
ref. 11 as evidence that these levels are "constituents" of the various
midgap levels of the "EL2 family." It has also beenimplied that the metas-
table and the stable configurations of EL2 correspond to the metastable and
stable configurations of the shallow traps consistent with the model for the
EL2 structural relaxation which Is controlled by the charge state of the
component shallow and deep defects [13].

In order to verify these conclusions we have estimated an upper concen-
tration limit for the shallow traps by using the integrated magnitudes of the
respected peaks relative th~tht magnitude of the EL6 and the upper limit of
the EL6 concentration, (1"m- found in GaAs. It have obtained the follow-
ing co entlation upper limits: lO4cm-3, 5 x 10 cm- , 2 x 10 5cm- 3 and
I x lO'cm- for 81, B, C5 and fo, respectively. The estimated concentra-
tions a no Iceably below typical concentrations of EL2 and ELO in GaAs
(5 x 10 lcm to 4 x lO16cm-S). It is thus very unlikely that the shallow
traps are constituents of the mldgap level centers.
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Accordingly, it appears appropriate to take the observed metastability
of the shallow levels as clear evidence that IR quenching is not restricted
to or uniquely related only to EL2, but in fact, it is exhibited by many
other levels in GaAs, both deep [14] and shallow.

In summary, we have presented a new approach to the study of the distri-
bution of energy levels in SI GaAs by employing photo- and EBIC spectroscopy.
Photo-EBIC is a convenient means for semi-quantitative microscale studies.
TS-EBIC, although time-consuming, constitutes a unique method for the deter-
mination of quantitative microscale profiles of the energy levels and their
concentrations in GaAs.
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Identification of a vanadium-related level In liquid encapsulated Czochralski
grown GaAs
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H. C. Gatos
Manmcuum In ulw te of TechnoloV. Cambridge Manchutua 02139

(Received 5 May 1985; accepted for publication 21 June 1985)

We present the first positive identification of a vanadium-related electron trap in V-doped GaAs
crystals grown by the liquid encapsulated Czochralski technique in pyrolytic boron nitride
crucibles. Detailed deep level transient spectroscopy and capacitance transient analysis yielded a
trap energy of 0. 15 ± 0.01 eV below the conduction band and an electron capture cross section of
about 2 x 10- 14 Cm2. Optical absorption and mobility data show that this level corresponds to the
ionized acceptor state V 13d 3) of substitutional vanadium. No midgap levels other than EL2
could be detected in these V-doped crystals showing that doping with vanadium plays no direct
role in the compensation process in semi-insulating GaAs crystals.

The growth of semi-insulating (SI) GaAs crystals has cm'/Vs at 77 K and n - 3-8 X 10" cm - ,uA = 3400-3700
long been known to be intimately related to the controlled cm2/Vs at 300 K. Ohmic contacts were fabricated using an
introduction of compensating deep levels near the middle of In-Sn alloy, and evaporated gold was used for the Schottky
the energy gap. Doping with chromium to create a deep ac- barrier.
ceptor level or control of the melt stoichiometry to create the The features of our transient capacitance system perti-
deep native defect donor EL2 have become standard growth nent to this study include (a) precise temperature control and
techniques. Due to its high diffusivity, chromium tends to monitoring in the range 15-420 K, (b) direct emission rate
accumulate at the GaAs surface during heat treatment, pro- measurements over a range 10--10' s- from capacitance
ducing thin conducting layers detrimental to device fabrica- relaxation recorded with a signal averager, and (c) standard ."
tion. Efforts to improve the thermal stability of Sl GaAs DLTS mode operation using a boxcar averager.
have produced several studies on V-doped GaAs which indi- Typical DLTS spectra in the range 100-420 K for crys-
cated that vanadium has a lower diffusivity than chromi- tals with and without vanadium are shown in Fig. 1. The
urn. -3 dominant midgap level EL is clearly visible in both spectra

Electron paramagnetic resonance (EPR) and optical ab- at -390 K having a concentration of about 2 x 10"6 cm- .
sorption studies' of transition metal impurities in III-V coin-
pounds have shown that the most probable location of ele- (a) Without Vanadium EL2

mental vanadium is on a gallium site. A single acceptor level Vbo,, -4V

V3'(3d 2)/V2(3d ') can be predicted to be in the upper third Vpw.." 5V

of the energy gap,' while the position of the vanadium donor t/ t2 a 5ms/lOms

level V'+(3d ')/V 3  (3d 2) is uncertain. Studies utilizing deep
level transient spectroscopy (DLTS) techniques'&7 have thus
far failed to positively identify a vanadium-related level in i
bulk GaAs. Optical absorptions and EPR studies" indicat.
ed the presence of the neutral V charge state; however, =
these studies were unable to identify the energy position of a Ej EL5 EL3
vanadium-related level in bulk crystals. A vanadium-related a
hole trap at E, + 0.58 eV was suggested for vapor phase M With Vanadium
epitaxially grown GaAs' although this trap has not been C Von,
observed in melt grown crystals. An early Hall-effect analy- 4n v,,l,.' 5v
sis' ° indicated a vanadium-related level in liquid encapsulat- w t t1 /a Sms/ lOins

ed Caochralski (LEC) GaAs at about 0.2 eV below the con- .
duction band. 0

In the present study we identified a vanadium-related Vandium- rebled
electron trap in melt-grown GaAs by both DLTS and ca- Trap

pectance transient analysis. The samples studied were cut
from LEC GaAs crystals grown i this laboratory using pyr- L5
olytic born nitride crucibles from melts doped with high LI
purity elemental vanadium to a level of 3 X 10" cM' - . In 100 200 300 400
addition, selenium doping of the melt up to about 9 x 1011
cM- was used to ensure n-type conducting material. The .T perature 1K)

FIG. e. nLhSa sptrn-type LEC-grown GaAs (a) without and (M1 with
sampleis exhibited the following carrier concentration n and vanadium doping. Bin -4 V. li pule amphtude S V. 1,/t = S m/O
mobility i values: n- 2-6X 101a "m - 3,  m 2800-3100 m.

o7 APP. Phys. Ltt. 47(6). 15 SePWnf INS 0003-51 1S5/1 60607M.00 0 1965 AmeA NOMS n o P IYI 607
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ditions but without the addition of vanadium yielded mobili-
SOm 52 ties of 5000 cm2/Vs at 300 K and 9800 cm'/Vs at 77 K. i.e.,

9 ,1 12 13 14 noticeably higher than those of V-doped crystals. Doping
T with vanadium also resulted in a decrease in the free-electron

FIG. 2. Emissio rate thermal activation plot T
2
er e vs I'/T for vanadi- concentration. These results indicate that vanadium is act-

on-felated electron trap in LEC-grown GaAs. ing as an acceptor in accord with theoretical predictions for

the V2 I level:' Optical absorption studies on these V-doped
No additional midgap levels could be detected. In the V. crystals" show the characteristic absorption spectrum (see
doped material however, a new well-pronounced peak ap- Fig. 3) recently identified as due to substitutional vanadi-
peared at - 100 K, indicating the presence of a new electron urn.7' This spectrum originates from the intracenter transi-
trap. This temperature is close to the low-temperature limit tion 3A2 3(F) -- 3T,('F) involving the unoccupied vanadium
of standard nitrogen expansion cryostats; accordingly a acceptorV (31d 2)/V24 (3d 1). The intensity of this spectrum
more precise analysis of this level was carried out using a correlates well with the level of vanadium doping in these
Joule-Thompson closed-cycle helium cryostat. Capacitance crystals. However, we have found that this absorption spec-
transients caused by electron emission from this trap were trum vanishes with increasing occupation of the E, - 0. 15
measured as a function of temperature enabling the calcula- eV level brought about by intentional raising of the Fermi
ion of the activation energy, electron capture cross section, energy through additional selenium doping. This finding

and the concentration of this level. In Fig. 2 we present the supports the identification of the 0.15-eV trap as being due to
thermal activation plot ofthe emission rate (e.) as a function the acceptor state of substitutional vanadium.
of temperature for this vanadium-related level. Previous By examining individual capacitance transients of sepa-
studies" have shown that this type of emission rate versus rate samples cut from the same boule, the concentration of
tmperature plot can be used as a convenient signature of this vanadium acceptor level was found to vary from
deep levels. A least-squares analysis yielded an activation 7.8 X 10 s cm- 3 at the Seed to 1. 1 X 10 6 cm - 3 towards the
energy of 0.1S :t 0.01 eV and an electron capture cross sec- tail in good agreement with the 10"cm- 3 obtained from the
tion ofabout 2 X 10- " cml. Though a defect level of similar optical absorption intensity of vanadium. These values en-
energy was recently reported in some melt-grown crystals,'2  able us to estimate the effective distribution coefficient of
DLTS spectra of over 100 nonvanadium-doped horizontal elemental vanadium in melt-grown GaAs to be about
Bridguan and LEC GaAs crystals grown in this laboratory kd - 2 x 10-'. This value agrees with previously reported
do a reveal any deep levels of this activation energy and values of 7X 10- 4 and SX 10".-'.
gspine cras section. A compilation of previous DLTS stud- In summary, we have identified an electron trap in melt-
in" did not reveal a 0. 1 S-eV electron trap in melt-grown grown GaAs directly related to elemental vanadium. This
GaAs A 0.15-eV level was mentioned as being vanadium trap, located at 0.15 eV below the conduction band, corre-
related in a subsequent review 3; however, no justification sponds to the V34 /VIN single acceptor level. The proximity
for this assignment was given, of this level to the conduction band and the absence of any

An important aspect of this vanadium-doped material is vanadium-related midgap levels indicate that the vanadium
do the 77 K mobility is lower than that at 300 K. Hall doping of LEC GaAs rown in pyrolytic boron nitride cruci-
iasnmm ts on GaAs crystals grown under identical con- bles cannot lead to SI material. Further studies to ascertain

M A. Phys. LIL, VoL 47. No.6. 15 SOPlr 1900 rnat so
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Native hole trap In bulk GaAs and Its association with the double-charge state
of the arsenic antisite defect
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We have identified a dominant hole trap in p-type bulk GaAs employing deep level transient and
photocapacitance spectroscopies. The trap is present at a concentration up to about 4 X 1016
cm-, and it has two charge states with energies 0.54 t 0.02 and 0.77 ± 0.02 eV above the top of
the valence band (at 77 K). From the upper level the trap can be photoexcited to a persistent
metastable state just as the dominant midgap level, EL2. Impurity analysis and the
photoionization characteristics rule out association of the trap with impurities Fe, Cu, or Mn.
Taking into consideration theoretical results, it appears most likely that the two charge states of
the trap are the single and double donor levels of the arsenic antisite As,0 defect.

Deep levels associated with native defects in bulk GaAs surements were carried out on Al-Schottky diodes evaporat-
crystals grown from the melt have been the subject of exten- ed on the p-type GaAs samples. We found it much more
uive studies," motivated on one hand by the key of deep difficult to prepare Schottky diodes with good characteris-
levels in the compensation of semi-insulating material used tics (breakdown voltage exceeding 4 V and leakage current at
for integrated circuits," and on the other hand, by the need 4 V reverse bias below I mA/cm2 ) on bulkp-type GaAs than
for increasing the fundamental understanding of defect on n-type GaAs. Accordingly, diodes of low leakage current
properties in Ill-V compounds.' Experimental studies of de- suitable for deep level transient spectroscopy (DLTS) mea-
fects in bulk GaAs have been thus far carried out primarily surements were selected, by trial and error, from a large
on n-type and semi-insulating crystals. The deep levels locat- number of diodes prepared on the (Tl1 surfaces (B surfaces)
ed in the lower half of the energy gap and acting as hole traps of each sample. The capacitance changes were measured
inp-type GaAs have not been studied in any systematic man- with a I-MHz capacitance bridge, and in addition to the
ner except in epitaxial layers and regarding certain heavy standard DLTS measurements, they were monitored as a
metal impurities (Cu, Fe, Cr).' function of time using a signal averager. The samples were

In this letter we identify a dominant hole trap in p-type placed on the cold finger of a variable temperature cyostat
GaAs crystals grown from the melt, and we report the prop- with provision for backside diode illumination (photocapaci-
erties of this trap such as energy levels, emission rate, and tance spectroscopy).
photoionization spectra. Our findings bear directly on cur- A typical transient capacitance spectrum ofp-type bi!k
rently most actively pursued problems of native defects in GaAs is shown in Fig. I. It reveals one dominant deep hole
GaAs, namely, on the electronic properties of the arsenic trap which we denote as HM I. The corresponding hole emis-
antisite, Asa, defect,' and on the nature of the major mid- sion rate thermal activation plot for this trap is also given in
gap donor EL2. Fig. 1. It yields an activation energy E, = 0.52 ±j 0.01 eV

The present study was carried out on a series of GaAs and a hole capture cross section o. = (I ± 0.5)X 10- '-
crystals grown by the horizontal Bridgman method under cm12 .The emission rate values given in Fig. I. were calculated
conditions ensuring optimum melt stoichiometry and negli- from the half time of the capacitance decay, 1'12, as
gible thermal stress. The crystals were doped with Zn to e- -- r,/2/ln 2.
obtain free-hole concentration of about (S-1-O X 1016 m- 3 ; Fe in GaAs introduces a deep acceptor corresponding to
the hole mobility waspa !200-300 cm2/Vs at 300 K. The
concentration of residual impurities which can introduce Ho t,
holetraps(primarilyFe, Cr, Cu, Mn, Mg) and thus can inter- ,o"".. . --- .

fere with the study of native hole traps, was determined us- .

ing secondary ion mass spectroscopy (SIMS).* The upper .

concmnation limits of these impurities were found to be ' 5
about 3 x 10'5, 1 X 10", S X 10", 8 X 10", and I X 1' s  T
m- respectively. These concentrations are about one or- .7 --- ". -* o
der of magnitude smaller than the typical concentration of ''
die hole trap (2-4X 10"6 cm-3 discussed below. The corre-
sponding ntype crystals were grown under exactly the same 16

conditions, but without Zn doping, contained one midgap
level EL2, located about 0.75 eV below the bottom of the '_
cmoducion band. Other midpp levels (often referred to as 3.0 35 40 45 s o

the OW family"o)' if present, had concentrations not ex- 00 0. DLTS vm ime) id heml acitmios plo of theo

amia 3X 105 cm - . mimia me f the HM I tnp. Emmom n em the Fe k. i. a ao shomn
The unmiet capacitance (and pIotocapetance) mea- ae Ref. to.
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FIG. 2. Optical cram section for the first hole photoionization from HM I FIG. 3. Low-temperature (77 K) spectrum of steady-state photocapaci-
trap to the valence band at 77 K; points--experimental, line-theoretical. tance.
(100 on the vertical scale corresponds to about 10 - " cm 2.) Insert shows
photortozatiou cross section of Fe level (after Ref. 10). transitions" (solid line in Fig. 2). This value is in good agree-

Fe2,/Fe 3 + state with a thermal energy for emission of holes ment with the emission rate activation energy of the HMI
feabout 0.54 stte wie. vterm y simila r totheHmistrFig. .h trap. The presence of only one threshold over a wide energyof about 0.54 eV, "o i.e., very similar to the HM I trap (Fig. ). region (up to 1.4 eV) indicates that HM I is the only contrib-

Such proximity makes the distinction between HM I and Fe uting trap. This trap, however. is a double-charge center Ca-
4' level difficult. In the present case SIMS analysis indicated an ut ing r hower is aole-che eea -Fe upper concentration limit of 2-3 x cm 3 in the inves-ng one hole or two holes. The release of the

ted cprsa ine.,raton e ode of mgnte smalle second hole obviously cannot be observed in measurements
tigated crystals, i.e., about one order of magnitude smaller of the initial photocapacitance slope because in the initial
than that of HM 1. This low Fe concentration was confirmed stages of photoionization only the first hole is released. The
by low-temperature photocapacitance spectroscopy mea- second ionization, however, is readily seen to take place at
surements presented in Fig. 2. On the left-hand side of Fig. 2 0.77 eV in a spectral dependence of the magnitude of the
the 80 K spectrum of the optical cross section, o,', for the steady-state photocapacitance on photon energy shown in

photoexcitation of holes from the deep traps to the valence Fig. 3. Here the diode with the traps filled was biased in the
band is presented. The values of oP were determined in a reverse direction (C = Co) and illuminated with a monochro-

standard way from the initial slope of the capacitance tran- matic light. When the capacitance reached a steady-state
sient AC/At 1, (normalized to a constant photon flux) fol- value, C,, the photon energy was increased, and the capaci-
lowing the onset of illumination at temperatures sufficiently tance transient was recorded again. The relative magnitude
low to prevent thermal discharge of deep traps. The spec- of the capacitance change was defined as AC/
trum reveals only one low-energy threshold at Co = [C, (hv) - Co]/Co.
Eo--0.54 ± 0.02 eV. This behavior is markedly different The results of Figs. 2 and 3 clearly indicate the involve-
than that ofo~P for Fe also shown in Fig. 2 (after Ref. 10). The ment of one center with two charge-state levels separated by
0.46- and 0.85-eV thresholds in the Fe spectrum correspond an energy of about 0.23 ± 0.04 eV. As shown in the insert in
to the photoionization of holes from the 'E ground state and Fig. 3, the low-energy threshold corresponds to the pho-
S"T2 excited state, respectively, of the same 3d 'configuration toionization of a hole from the lower energy level to the va-

split by the crystal field. Using the optical cross-section val- lence band and the 0.77-eV threshold corresponds to the
ues for the photoionization of the 5T2 state (40F, =2 X 10-16 photoionization of the second hole from the trap. The above
cm2 at hvz 1.2 eV) we can estimate the upper concentration characteristics of the center are strikingly similar to those of
limit of Fe in our crystals assuming that the entire increase of the Asch defect. Theoretical calculation indeed predicts two
the optical cros section (Aot- 3 X 10- t cm2) between the charge-state levels for the Aso., separated by 0.25 eV. " The
0.85 and 1.2 eV is brought about by the photoionization of major midgap level EL2 in GaAs (commonly studied in Pr-

the 'T 2 state. Such estimation yields [Fe] <NT X Aaop/oF, type GaAs) has been identified with the single donor state of

=3x 1015 cm-3(Nr-,2X 106 cm-3is the concentration of the arsenic antisite (0/ + ).3 The lower double donor state
the hole trap); this concentration is the same as that obtained ( + / + + ) can be, with reasonable certainty, identified
by SIMS analysis. The oO. spectrum in Fig. 2 corresponds to with the presently discovered HM I trap. This assignment is
transitions from the HM I trap which was filled with holes by consistent with a previous electron paramagnetic resonance
a saturating pulse of forward bias prior to illumination. (EPR) study of the arsenic antisite in plastically deformed

The threshold energy value E0 " 0.54 ± 0.02 eV was GaAs.' However, the energy of + / + + state of about
determined by fitting the low-energy tail of o,(hv) to a stan- 0.47 eV (i.e., 0.05-0.07 eV below present value) was only
d00rd energy depedence o. - (hv - Eo)"s /(hv)' for allowed roughly estimated from a weak photoenhancement of the
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Ie v .. and its transition to a neutral metastable state should lead to
ft-ts G aninceas incapacitance; this effect is opposi te to that in n-

"K type GaAs. T1he behavior is indeed seen in Fig. 4(b). After the
transition is completed, the photosensitivity of the diode is

- diminished, especially with respect to the second photoioni-
________________________zation process involving the (0/ + ) state. Subsequently, 1. 18

Wb eV photons ionize the center leading to a rapid capacitance
ladceaefllwdbyasowtasfrt tenuta VtsaUP ON dces olwdb lwtase otenurlmtsaZ P-typs GaAs ble state. As in the case of n-type GaAs, the normal state can

fox be recovered by increasing the temperature and/or by apply-
2mm ing a long duration filling pulse.

u In summary, the identification of a native hole trap in
(c) GaAs associated with a double charge donor provides the

0 ty""A 11missing experimental link for establishing a working model
Z of the Aso. defect and understanding its role in the presence

SOK and in the characteristics of the dominant deep levels in
GaAs.
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